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Abstract 
The volume of the growing stock of a management unit and its precision were estimated with 
double sampling. A national standard volume table was used and a local volume table is con­
structed. 
Keywords: forest inventory, double sampling, weighted regression, standard volume table, 
local volume table 
Introduction 
In the 1800 ha forest management unit Smilde (Netherlands) the stem volume of the 
growing stock was estimated by double (or two-phase) sampling. In Phase 1, a sys­
tematic sample scheme was used to estimate the number of trees per diameter class. 
In Phase 2, the relation between diameter and volume was examined with linear 
regression. Both phases together gave the volume estimate (per ha). The tree volume 
(Phase 2) was not directly observed in the field, but deducted from the Dutch stan­
dard volume tables (Dik, 1984) with the measured tree parameters: species, diameter 
and height. Herewith an out-place element was introduced in an in-place forest in­
ventory. This synopsis describes the precision of this procedure. 
This method of forest inventory of a management unit is a new combination of 
well known sample procedures. However for national forest inventory, many com­
parable methods are known. In Western Europe at this moment, the leading concept 
is a forest-stand inventory with unknown precision. However at several places forest 
inventory methods for management units without standwise information were in­
troduced, in the Netherlands e.g. in the Zeist forest management unit (Sevenster, 
1986). 
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Materials and methods 
Sampling design 
The sampling design of Phase 1 was a systematic one, using a grid of one dot per 
4 ha, with a circular plot at each dot. The plot size was 201 m2 in young stands and 
707 m2 in old stands. On borderline plots the net forest area was measured. The 
plots were used as elementary sample units, in fact they were clusters of the real 
elementary units (the trees). The elementary statistical characteristics were volume 
and number of trees per ha for each class, defined by 1-cm diameter class and tree 
species. The procedure results in unbiased population estimates in the case of sam­
pling with probability proportional to the plot size (pps). This is true for inforest 
plots drawn at random. Schmid (1969) showed that bias will be introduced for bor­
derline plots, and also that this bias is negligible. The Smilde inventory can be consi­
dered to be a pps procedure. For the estimation of variance, the systematic sample 
plots were considered to be drawn at random. 
In Phase 2 of the sampling scheme, one randomly chosen tree per plot was sam­
pled for height. The probability of drawing this tree is proportional to the reciprocal 
of the number of trees per ha in the plot, which is strongly correlated with tree di­
ameter. Tree volume was assessed using a standard volume table (Dik, 1984). 
Estimation of the number of trees 
In Phase 1, the number of trees per ha in a subpopulation and its variance were ac­
cording to Cochran (1977) and de Vries (1986) estimated by: 
Ai = 
I Nki 1 Mki/at 
/ = !  _  
n n 
( 1 )  
where: 
Nk = number of trees per ha of subpopulation k 
n = number of forest plots 
Mki = number of trees of subpopulation k in /th plot 
Nki = number of trees per ha of subpopulation k in /'th plot 
a, = forest area of the /th plot in ha 
k = index for subpopulation defined by species group and diameter class. 
„ & E Nk,2 - n.Nk2 var Nk = — (2) 
n(n-1) 
Volume tariff 
According to Cunia (1985), tree volume (v,) is sufficiently described by the heter-
oscedastic model: 
Vj  = ß t x , j  +  ß 2 x 2 j  + ß 3 x 3 j  + a^WjÇj  (3) 
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where: 
xv = 1, x2J = dp Xy = df and Wj = df 
dj = diameter breast height in cm of /h tree 
e = here and else in this synopsis an errorterm with Exp(e) = 0 and Var(e)= 1; 
assumptions on the probability function of this stochastic variable are not 
necessary. 
The model represents a local volume table (or volume tariff). The unequal drawing 
probabilities of the measured trees were incorporated in the regression weights (w 
= d4), but the main reason for the application of weights, was phenomenal. In (3), 
the ^-values were substituted by their out-place estimate vy. 
lj = vj + 8J + a™eh (4) 
where: 
<jm = standard deviation of the volume table 
e2 = error term independent from e (3) 
ö = possible bias of the standard volume table for local use 
Using (4) in (3) the regression variance must be adjusted for the variance of the 
volume table: 
(7a dj = c.a 
where the correction factor c = 1 + am2/a2. (5) 
The standard volume tables have been developed through (Dik, 1984): 
ln(v), = ax + ct2\n(dj) + a3ln (hj) + a m ej  (6) 
where: 
d = diameter breast height in cm 
h = height in m 
v = stem volume in dm3 
This model has a variance not comparable with the variance of model (3). To com­
pare the variances of model (6) and (3) and for estimating c, an auxiliary model (7) 
was developed to replace model (3) having the same variance dimensions as (6): 
ln(v), = a, + a2ln(^) + aej (7) 
Both models (6) and (7) are heteroscedastic in v. A value for the correction factor 
c was deduced from the connected variances. 
Based on species and diameter frequencies six tariff groups were distinguished. 
The six equations (3) are simultaneously given in matrix model: 
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v = Xß + aW~' A  e  (8) 
where: 
X = n x 18 matrix of full column rank 
ß =18 dimensional vector with regression coefficients 
W = n x n diagonal matrix with regression weights dA 
For the estimation of ß and its variance, the usual formulas were used: 
b = (X 'WX) > X 'Wv (9) 
vârô = (X '  WX)- '  [{v ' IVv -  b'  (X 'Wv)} / (n-18)] (10) 
Volume estimation 
The volume per ha for 'the species group and diameter' class k was estimated by: 
Kk = Ek'b (11) 
where pk is an 18 dimensional array with Phase 1 estimates. 
The pk arrays for individual tariff groups will be different. For example, if k be­
longs to the first tariff group, pk is given by: 
Pk\ = $k (from 1) (12a) 
n n 
p k  2  =  [ Y ,  {  I  d i c / a t  I  c  e  k } ]  / n  (12b) 
i = 1 c = 1 
where: 
dic = diameter of the Ch tree in the z'th plot 
Mj = total number of trees in the ;th plot 
n M, 
ƒ ? « = [ £ {  I  dicyat \ c e k } ]  /n (12c) 
; = 1 c = 1 
pkm = 0, for m ä 4 (12d) 
The variance of (11) was estimated according to Cunia (1985), and modified for the 
volume table variance with the correction factor c: 
vâr K^(adj) « b' . cô\pk.b + c.pk . œ\b.pk (13) 
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Results and discussion 
The value of 1.3432 for c was found. The total volume was estimated at 140.5 ± 
8.0 m3ha (with a 2a — confidence interval of about 95 %). Hence the errorpercen-
tage (E %) amounts to 100x8.0/140.5 = 5.7. The calculated precision is reasona­
ble. For underlying classes (subpopulations) the results were poorer, with errorper-
centages from 25 till 100. 
The estimated variance of the total volume was 15.97 m6 ha-2, of which 14.39 
was explained by Phase 1 and 1.58 by Phase 2. From the last 1.18 was explained 
by the volume tariff and 0.40 by the standard volume table. Although in the Smilde 
inventory the variance was dominated by Phase 1 variance, still the incorporation 
of the error of the standard volume table in the error of the volume tariff is compul­
sory. 
For calculating the total volume of a forest management unit of about 2000 ha 
with a precision of at least 10 %, the method is suitable. In Smilde even an inventory 
with 1 plot per 12 ha would give sufficient results. By way of precausion an invento­
ry with not less than 1 plot per 9 ha (a systematic grid of 300 by 300 m) can be recom­
mended. 
If an E % of about 10 or less is considered acceptable for underlying classes, than 
the Phase 1 sample size must be increased many fold. Before doing so a much less 
expensive way to increase the precision — stratification based on species and age 
class — should be examined. 
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